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In  the  rat,  reference  values  for  cardiac  output 
vary  from  20.7  to  51.8  ml- min1  '-100g  1  (1,2)  and  mean 
arterial  pressure  from  approximately  90  to  175  mm  Hg 
depending  on  the  strain,  state  of  the  animal,  and  method 
of  measurement.  Anesthetic  agents  have  been  shown  to 
alter  the  stability  of  various  hemodynamic  parameters,  as 
well  as,  the  reactivity  of  the  cardiovascular  system  to  var¬ 
ious  physiologic  and  pharmacologic  manipulations  (3,4,5). 
Additionally,  it  has  been  shown  that  the  stress  of  physical 
restraint  results  in  elevated  blood  pressure  in  normoten- 
sive  rats  (6)  and  enhanced  response  to  stress  in  sponta¬ 
neously  hypertensive  rats  (7).  Therefore,  it  is  important 
to  develop  an  awake  model  free  from  the  influence  of  anes¬ 
thesia  and  physical  restraint.  Although  the  rat  has  been 
used  extensively  in  cardiovascular  research,  few  report 
use  of  thermodilution  cardiac  output  in  the  awake,  un¬ 
restrained  rat  (8,9).  Likewise,  it  is  rare  to  find  simulta¬ 
neous  and  repeated  measurement  of  electrocardiogram 
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(ECG)  and  arterial  blood  pressure  in  awake  rats.  There¬ 
fore,  we  developed  a  simple  technique  to  assess  cardiac 
output,  ECG,  and  arterial  blood  pressure  in  the  awake, 
freely  moving  state.  Values  for  these  parameters  in  the 
conscious  F344  rats  are  reported. 

Seventy-six  mature  i250-300g)  F344  derived  rats' 
were  utilized.  The  rats  were  initially  maintained  four  to 
five  per  group  in  metal  cages  containing  autoclaved  pine 
shaving  bedding.  They  were  given  water  ad  libitum,  and 
commercial  rat  diet.  Ambient  temperatures  were  main¬ 
tained  between  20-23°C  and  light  was  on  a  12  hour  light/ 
dark  cycle.  Housing  and  husbandry  conditions  meet 
guidelines  established  in  the  Guide  for  the  Care  and  Use 
of  Laboratory  Animals.  Once  surgically  instrumented,  the 
rats  were  housed  individually  for  study  as  described  be¬ 
low.  ECG  and  direct  arterial  blood  pressure  were  mea¬ 
sured  in  one  set  of  animals  (model  1)  while  cardiac  output 
via  the  thermodilution  technique  was  measured  in  a  sec¬ 
ond  set  of  animals  (model  2).  Anesthesia  was  induced  for 
surgical  preparation  with  sodium  pentobarbital  (40  mg/ 
kg  i.p.).  The  animals  were  prepared  for  surgery  by  clip- 
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ping  the  hair  followed  by  surgical  scrub.  A  1  cm  skin  in¬ 
cision  was  made  on  the  midline  of  the  ventral  cervical 
region  and  blunt  dissection  was  used  to  isolate  the  left 
common  carotid  artery  and  right  externa!  jugular  vein. 

Model  1:  In  a  method  similar  to  that  described 
by  Popovic  and  Popovic  (5),  polyethylene  tubing  (P.E.  50 1- 
was  used  to  eannulate  both  the  left  common  carotid  artery 
and  right  external  jugular  vein.  The  arterial  vessel  was 
cannulated  and  the  catheter  was  advanced  3.5  to  4  cm  so 
that  its  tip  floated  downstream  in  the  descending  portion 
of  the  aortic  arch.  The  venous  catheter  was  inserted  2.5 
cm  into  the  superior  vena  cava  or  right  auricle.  Catheters 
were  secured  to  the  vessel  with  4-0  surgical  silk  at  three 
different  locations,  flushed  with  heparinized  (4  units/ml) 
isotonic  saline,  and  capped  peripherally  with  a  stainless 
steel  plug.  The  catheters  were  then  routed  subcutaneously 
using  17-gauge  stainless  steel  hypodermic  tubing  to  the 
dorsal  cervical  area  and  exteriorized.  Teflon-coated,  single 
stranded,  stainless  steel  wires  (34  gauge)1  were  sutured 
intradermally  through  a  small  skin  incision  on  the  pos¬ 
terior  aspect  of  all  four  extremities  (Figure  1).  The  wires 
were  passed  subcutaneously  to  the  dorsal  cervical  region 
and  exteriorized.  The  animals  were  fitted  with  a  nylon 
jacket  and  spring  tether',  placed  in  individual  wire  bottom 
cages  1 12"  *  12"  i.  and  allowed  to  recover  for  at  least  24 
to  48  hours  before  experimental  manipulations  were  ini¬ 
tiated. 

Model  2:  Rats  were  prepared  for  surgery  as  above 
and  both  the  left  carotid  artery  and  right  jugular  vein 
were  isolated.  A  thermocouple  probe  (0.5  mm  O.D.f’  was 
inserted  into  the  left  carotid  artery  and  advanced  4  mm 
into  the  descending  thoracic  aorta,  while  P.E.  20  tubing- 
was  inserted  2.5  cm  into  the  right  auricle  or  superior  vena 
cava  via  the  right  external  jugular  vein.  The  probe  and 
P.E.  tubing  were  exteriorized  and  treated  as  described 
abrve. 

Phasic  arterial  blood  pressure  was  measured  with 
the  carotid  arterial  catheter  connected  to  a  strain  gauge 
transducer"  and  transducer  amplifier.  The  arterial  cath¬ 
eter  was  intermittently  connected  to  the  transducer  dur- 
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Figure  1  Schematic  drawing  of  Model  #1  The  rat  is  instru¬ 
mented  for  measurement  of  arterial  blood  pressure  and  simul¬ 
taneous  recording  of  electrocardiograms.  Model  #2  differs  in  having 
a  thermocouple  probe  instead  of  a  catheter  in  the  carotid  artery 
Animals  are  housed  individually  tn  square,  wire-bottom  cages 
’12  •  I2im  Catheters,  wires,  and. or  probes  are  connected  ahove 
the  animals  cage  to  appropriate  physiologic  monitoring  equip¬ 
ment  and  chart  recorders 


ing  a  measurement  period.  Between  measurement  periods, 
the  catheter  was  flushed  with  heparinized  isotonic  saline 
and  capped  with  a  stainless  steel  pin.  Six-lead  frontal  plane 
electrocardiograms  were  recorded  from  the  implanted  wire 
electrodes  intermittently  attached  by  alligator  clamps  to 
an  ECG  amplifier  and  chart  recorder7.  Interval  and  am¬ 
plitude  measurements  were  made  under  magnification  to 
the  nearest  0.02  millimeter  using  a  vernier  caliper".  The 
same  individual  made  the  measurements  on  all  ECG  trac¬ 
ings.  Cardiac  output  was  measured  in  Model  2  by  the  ther¬ 
modilution  technique  in  which  150  to  200  p.1  of  room 
temperature  (20.5  -  22.0  Ci  normal  saline  was  injected 
rapidly  by  a  microliter  syringe"  through  the  venous  cath¬ 
eter  into  the  right  auricle.  Care  was  taken  not  to  handle 
the  syringe  barrel  which  was  held  in  a  clamp.  The  aortic 
blood  temperature  was  measured  by  the  thermocouple 
probe,  and  the  resulting  thermodilution  curve  recorded  by 
a  chart  recorder.  Cardiac  output  was  calculated  by  a  com¬ 
mercial  cardiac  output  computer'".  The  average  of  two 
measurements  taken  1  minute  apart  was  used  as  the  car¬ 
diac  output  for  a  given  time  point.  Values  were  normal¬ 
ized  per  100  g  body  weight.  The  injectate  volume  used  in 
the  calculation  was  corrected  for  the  cannula  dead  space 
within  the  animal  (8,9). 

Hemodynamic  measurements:  Arterial  blood 
pressures  and  ECGs  were  evaluated  as  part  of  a  toxico¬ 
logical  study  in  a  group  of  49  F344  rats.  Four  hundred 
and  thirty-five  arterial  blood  pressure  measurements  were 
recorded,  and  353  ECG  tracings  were  analyzed  before  and 
serially  after  initiation  of  experimental  treatment.  Av¬ 
erage  values  for  the  control  measurements  are  reported 
in  Tables  1  and  2.  Figure  2  demonstrates  a  representative 
six-lead  ECG  tracing.  Figure  3  demonstrates  a  phasic  blood 
pressure  tracing  with  the  simultaneously  recorded  Lead 
II  ECG.  Similarly.  197  measurements  of  cardiac  output 
were  accomplished  before  and  serially  after  experimental 
treatment  in  a  group  of  27  rats.  Control  or  baseline  values 
are  reported  (Table  1 1,  as  well  as  a  representative  ther¬ 
modilution  curve  (Figure  4).  Additionally,  15  control  rats 
were  monitored  for  7  days.  In  these  rats,  mean  arterial 
blood  pressures  remained  near  baseline  values;  whereas. 


Table  1  Baseline  arterial  blood  pressures  and  car¬ 
diac  output  in  awake  rats 
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Figure  2  Representative  6-lead  frontal  plane  electrocardiogram 
from  an  awake,  tethered  F344  rat.  Paper  speed  =  100  mm/sec 
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Figure  3  Lead  II  ECG  and  simultaneously  recorded  arterial  blood 
pressure  tracing  from  an  awake,  tethered  F344  rat  Paper  speed 
=  100  mm/sec. 


Figure  1  Thermodilution  cardiac  output  curve  recorded  from  a 
thermocouple  probe  located  in  the  aortic  arch  following  a  bolus 
injection  of  150  pi  room  temperature  isotonic  saline  into  the  right 
auricle. 

heart  rate  tended  to  decrease  (N.S.)  by  the  seventh  day 
(Table  3).  Finally,  the  functional  success  rate  for  the  model 


was  evaluated  over  a  7-day  period  in  a  control  and  exper¬ 
imentally  treated  group.  ECGs  were  determined  to  be  suc¬ 
cessful  if  interpretable  tracings  could  be  obtained.  Arterial 
blood  pressure  tracings  were  considered  to  be  successful 
if  a  relatively  undampened  pulse  pressure  could  be  ob¬ 
tained  for  the  accurate  determination  of  mean  arterial 
blood  pressure.  Arterial  blood  pressure  determinations  could 
be  made  readily  through  the  7-day  period,  while  only  64r/f 
of  the  rats  had  functional  ECGs  at  that  time  (Table  4). 
The  most  common  causes  for  failure  were  breakage  of  the 
implanted  wires  and  the  development  of  60-cycle  inter¬ 
ference. 

Baseline  values  in  this  study  agreed  closely  with 
values  reported  for  cardiac  output,  mean  arterial  blood 
pressure,  and  heart  rate  in  other  awake  models.  Litera¬ 
ture  values  for  cardiac  output  are  the  most  varied  among 
the  parameters  studied  and  are  dependent  on  the  mea¬ 
surement  technique,  as  well  as  the  anesthetic  state  of  the 
animal.  Other  investigators  utilizing  the  thermodilution 
technique  in  conscious  rats  have  reported  values  ranging 
from  28.3  to  51.8  mlmin-  '100g  1  (2,8,9,10,11,12).  Car¬ 
diac  output  in  conscious  rats  ranges  from  20.7  to  45.4 
ml  min  'T00g  1  when  measured  by  application  of  the  Tick 
principle  1 1,13.14),  dye  dilution  ( 15).  electromagnetic  flow 
probe  (16),  and  reference  sample  microsphere  method 
(12,17,18).  From  our  own  experience  (unpublished  obser¬ 
vations)  and  from  previously  reported  values  (9, 14.151, 
anesthesia  generally  causes  cardiac  output  to  be  de¬ 
pressed  as  much  as  30  to  40 G. 

Thermodilution  cardiac  output  was  utilized  be¬ 
cause  it  did  not  require  extensive  surgical  preparation 
(i.e..  thoracotomy)  it  easily  afforded  the  ability  to  make 
repeated  measurements  without  the  necessity  for  blood 
withdrawl,  and  it  was  inherently  safe.  Because  of  the  dif¬ 
ficulty  involved  in  placing  ;»  thermocouple  probe  in  the 
pulmonary  artery  of  small  animals,  cardiac  output  must 
be  measured  across  the  pulmonary  circulatory  bed  by  the 
aortic  thermodilution  technique.  This  method  tends  to  ov¬ 
erestimate  cardiac  output  due  to  the  loss  of  thermal  in¬ 
dicator  in  the  pulmonary  vascular  bed  (19).  Nonetheless, 
this  procedure  has  been  shown  to  he  accurate,  reproduci¬ 
ble  ( 1 1.19,20),  as  well  as  sensitive  enough  to  detect  changes 
following  physiologic  or  pharmacologic  interventions 
(9,12,21 )  in  small  animals  like  the  rat.  However,  care  must 
be  taken  to  minimize  and  account  for  the  cannula  dead 
space  within  the  animal.  In  this  study.  P.E  20  tubing  was 
utilized  because  of  its  small  internal  diameter  ITili/atinn 
of  larger  internal  diameter  tubing,  i  it*.  P.E  50)  was  found 
to  produce  inconsistent  results  due  to  the  larger  dead  space. 

Phasic  arterial  blood  pressure  and  heart  rate 
varies  with  the  conscious  state  of  the  animal  Anesthe¬ 
tized  rats  generally  have  lowered  arterial  blood  pressures 
and  heart  rates,  but  this  response  is  not  always  clear 
Stability  and  normality  of  hemodynamic  function  is  also 
difficult  to  maintain  during  prolonged  anesthesia.  In  the 
present  study,  individual  animals  demonstrated  stable  ar¬ 
terial  blood  pressures  and  heart  rates  only  when  resting 
quietly  in  the  cage.  Grooming,  drinking  and  other  natural 
behaviors,  however,  resulted  in  spontaneous  excitation  of 


Laboratory  Animal  Science 
Copyright®  1980 

by  the  American  Association  for  Laboratory  Animal  Science 


Vol  39.  No  5 
September  1989 


Table  3  Arterial  blood  pressures  and  heart  rates  in  awake  F344  rats  over  a  7-day  period 
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Diastolic  Bit*  id  Pressure  <mm 
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102  -  13 

109  :  12 
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Mean  Blottd  Pressure*  mim  Hg' 

121  -  10 

115  -  13 

121  :  13 

116  :  12 

122  r.  13 

Pulse  Pressure  <mm  Hg» 

41-4 

39:  3 

41:  4 

41-4 

39  r  4 

•‘Mean  •  standard  deviation 

Table  -1 

Success  rate  over  time  of  ECG  and  arterial  blood  pressure  model 

Day  0 

Day  1 

Day  2 

Day  3 

Day  7 

ECG 

Arterial  Blood  Pressure 

25  25*'  i  lOCKi  i 

25.25  ilU0';> 

24  25  <96'if 

25  25  1 100'7  i 
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2125  <84ci  i 

25  25  ilOO'V' 

16  25  «64r«’  ( 
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“Values  represent  number  of  rats  that  had  functional  electrode  wires  and  catheters. 


heart  rate  and  arterial  pressure  as  previously  reported 
(22).  Therefore,  measurements  were  taken  when  the  an¬ 
imals  were  calm  to  reflect  basal  levels. 

There  are  many  reports  in  the  literature  eval¬ 
uating  electrocardiographic  alterations  in  the  rat,  but  few 
have  utilized  an  awake,  relatively  undisturbed  model.  In 
our  hands,  tracings  adequate  for  measuring  intervals  and 
amplitudes  were  achieved  consistently.  The  measured 
amplitudes  and  intervals  agreed  closely  with  those  pre¬ 
viously  published  for  the  lightly  anesthetized  rat  (23,24). 
This  capability  allowed  monitoring  of  rate  and  rhythm, 
as  well  as  the  ability  to  observe  subtle  changes  in  the  ECG 
pattern. 

The  uniqueness  of  the  model  lies  in  its  ability 
to  measure  arterial  blood  pressure,  as  well  as  ECG,  si¬ 
multaneously.  This,  coupled  with  cardiac  output,  provided 
a  much  better  overall  cardiovascular  profile  than  could  be 
attained  from  arterial  blood  pressure  and  heart  rate  alone. 
However,  the  procedure  utilized  in  this  study  did  not  per¬ 
mit  the  measurement  of  cardiac  output  and  arterial  blood 
pressure  in  the  same  individual.  We  have  attempted  fem¬ 
oral  arterial  cannulation  for  blood  pressure  measurement 
in  rats  also  instrumented  for  the  measurement  of  cardiac 
output,  but  have  observed  an  unacceptable  number  of 
ischemic  injuries  in  the  rear  leg  distal  to  the  catheter 
placement  site.  Although  femoral  arterial  cannulation  for 
chronically  catheterized  rats  are  reported  commonly  in 
the  literature,  few  investigators  have  reported  this  asso¬ 
ciated  injury. 

The  techniques  described  have  been  utilized 
successfully  in  this  laboratory  to  evaluate  cardiac  output, 
arterial  blood  pressure  and  ECG  in  a  large  group  of  F344 
rats  without  the  uncertainty  of  anesthetic/drug  interac¬ 
tions.  Individual  animals  have  been  followed  for  up  to  1 
week  during  which  electrocardiographic  and  hemody¬ 
namic  measurements  were  successfully  obtained.  Rats  seem 
readily  suited  to  the  tether  system  described,  as  they  are 
able  to  move  freely  and  rarely  disturb  the  jacket  or  tether. 
There  appears  to  be  minimal  discomfort  after  instrumen¬ 
tation,  because  most  animals  return  to  food  and  water 
within  24  to  48  hours.  The  result  is  a  relatively  unstressed 
awake  model,  free  from  the  influence  of  anesthesia  and 
physical  restraint. 
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Figure  5  Lead  II  electrocardiogram  at  control,  4,  8  and  10  hours 
following  iv  administration  of  T-2  mycotoxin  (lmg/kgl.  Note  bi- 
phasic  heart  rate  response  consisting  of  an  increase  at  4  hours 
followed  by  a  decrease  in  heart  rate  at  8  and  10  hours.  Other 
changes  include  J-point  elevation,  P-R  interval  prolongation,  and 
T-wave  changes  consistent  with  myocardial  ischemia. 


Cardiovascular  toxicology  is  one  example  of  a 
discipline  that  can  utilize  this  model.  An  example  of  toxin- 
induced  electrocardiographic  alterations  is  illustrated  in 
Figure  5.  The  tracings  show  that  changes  in  ECG  inter¬ 
vals  and  amplitudes  can  be  easily  assessed  and  quantified 
in  this  model.  In  this  case,  lmg/kgT-2  mycotoxin  resulted 
in  a  biphasic  heart  rate  response  consisting  of  an  increase 
at  4  hours  followed  by  a  decrease  in  heart  rate  at  8  and 
10  hours.  Other  changes  that  are  obvious  in  this  rat  in¬ 
clude  J-point  elevation,  P-R  interval  prolongation  and  T- 
wave  changes. 
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